[1] A case study of a polar stratospheric cloud (PSC) is described using multiwavelength (355, 532, and 1064 nm) lidar measurements performed at the Arctic Lidar Observatory for Middle Atmosphere Research (ALOMAR) on 6 December 2005. Rotational Raman signals at 529 and 530 nm are used to derive a temperature field within the cloud using the rotational Raman technique (RRT). The PSC size distributions are retrieved between 1500 and 2000 UTC through a combination of statistical filtering and best match approaches. Several PSC types were detected between 22 and 26 km during the measurement session. Liquid ternary aerosols are identified before about 1600 and after 1900 UTC typically; their averaged retrieved size distribution parameters and associated errors at the backscatter peak are: N o % 1-10 cm À3 (50%), r m % 0.15 mm (20%), and s % 1.2 (15%). A mode of much larger particles is detected between 1600 and 1900 UTC (N o % 0.04 cm À3 (30%), r m % 1.50 mm (15%), and s % 1.37 (10%). The different PSC types are also identified using standard semiempirical classifications, based on lidar backscatter, temperature, and depolarization. Overall, the characteristics of the retrieved size distributions are consistent with these classifications. They all suggest that these very large particles are certainly nitric acid trihydrate that could have been generated by the strong gravity wave activity visible in the temperature profiles. The results demonstrate that multiwavelength lidar data coupled to both RRT temperatures and our size distribution retrieval can provide useful additional information for identification of PSC types and for direct comparisons with microphysical model simulations. 
Size distribution time series of a polar stratospheric cloud observed above Arctic Lidar Observatory for Middle Atmosphere Research (ALOMAR) (69°N) and analyzed from multiwavelength lidar measurements during winter 2005
Introduction
[2] Polar stratospheric clouds (PSC) are mainly composed of water and nitric acid. Their formation is a key step in the chain of events leading to the destruction of ozone in the lower polar stratosphere during the spring. PSC are responsible for chlorine activation (i.e., conversion of inorganic chlorine and bromine reservoir species into reactive ozone-destroying radicals) through heterogeneous chemistry. Because of their gravitational sedimentation, they are also responsible for the denitrification of the polar lower stratosphere that prevents chlorine deactivation, the activation reverse process, and hence favors the ozone destruction [World Meteorological Organization, 2007] .
[3] PSC are actually split into three main types, according to their composition. Liquid solution droplets of water vapor, nitric acid and sulphuric acid are known as liquid ternary aerosols (LTA or type Ib PSC) with typical median radii r m of around 0.3 mm and number densities N o of around 10 cm À3 [Tabazadeh et al., 1994; Carslaw et al., 1994] . Solid nitric acid trihydrate (NAT) particles are usually larger than LTA with radius on the order of 1 mm and concentrations on the order of 10 À2 cm À3 [Voigt et al., 2000] . Nonetheless, there might be case of NAT PSC with particle size of several mm, the so-called NAT-Rock [Fahey et al., 2001] or with sizes more typical of LTA and enhanced NAT number densities around N o > 0.1 cm À3 [Tsias et al., 1999] . Ice particles are known as type II PSC [Goodman et al., 1989] . Although the temperature threshold of STS particles is below the NAT temperature threshold, LTA are commonly observed because there are energy barriers for NAT and ice nucleation [Tabazadeh et al., 1994] . The stability of NAT [Hanson and Mauersberger, 1988] and its subsequent effects on chlorine activation and denitrification of the polar stratosphere are well established [Popp et al., 2001; World Meteorological Organization, 2007] . However, there are still uncertainties on the NAT formation processes [Toon et al., 2000] with several formation mechanisms being put forward such as homogeneous nucleation in ternary solutions [Knopf et al., 2002] , heterogeneous nucleation on ice [Carslaw et al., 1998; Luo et al., 2003] or on other condensation nuclei like meteoritic dust particles [Drdla, 1996; Peter, 1997; Voigt et al., 2005] . Energy barriers may often prevent NAT particles from reaching their equilibrium volume and PSC containing a majority of LTA also often contain nonequilibrated hydrate particles [Shibata et al., 1999a [Shibata et al., , 1999b . Biele et al. [2001] suggested that PSC microphysics is more often characterized by nonequilibrium conditions than assumed previously.
[4] The rate of heterogeneous reactions on PSC can differ considerably on solid and liquid particles. It depends on the particle chemical composition and on size-related quantities, typically the total surface area density (A) and/or volume concentration (V), both being calculated from the PSC size distribution. Also, the rate of gravitational sedimentation is strongly dependent on the higher moments of the PSC size distribution. Therefore, it is necessary to determine accurately PSC size distribution and, in particular, the large size tail of this distribution in order to calculate the PSC-related process rates. However, measurements of PSC size distributions are very rare, the most common being balloon-borne in situ measurements such as optical particle counter measurements [Deshler et al., 2003a] . There are also remote measurements of PSC optical properties such as extinction or backscatter, either accessible from satellite or lidar soundings; these measurements do not give directly the size distribution because the optical properties are integrated over the entire size distribution. The present paper focuses on lidar measurements that have often been used to identify different types of PSC according to classifications [Browell et al., 1990; David et al., 1997] .
[5] Retrieving particle optical properties from lidar signals requires several assumptions: a reference altitude in the aerosol free air at the top of the altitude range and, more importantly, a relationship between the extinction and backscatter, expressed as the ratio of the backscatter to extinction (lidar ratio) [Klett, 1981 [Klett, , 1985 . The determination of the backscatter requires knowledge of this lidar ratio. In most studies, the value of the lidar ratio is assumed to be constant.
[6] One of the most interesting developments in aerosol lidar measurements is the addition of Raman channels. The lidar inversion using Raman lidar measurements does not require any assumption on the value of the lidar ratio. As the inelastic Raman backscattered signal is only affected by particle extinction and not by the scattering, the particle extinction can be determined independently from the backscatter [Ansmann et al., 1990] . Direct determination of the particle size distribution from uniwavelength lidar measurements is however theoretically precluded because of a lack of constraints [Müller and Quenzel, 1985] . Size characterization of particles has now been made possible and accurate with multiwavelength Raman lidar [Müller et al., 1998; Veselovskii et al., 2002] . In addition, this size distribution retrieval inverse problem remains highly nonlinear. This type of inversion problem is often solved using regularization techniques. But an accurate retrieval requires numerous constraints under the form of extensive data sets of measured backscatter and extinction coefficients. With enough constraints, regularization techniques also enable the determination of the refractive index [Veselovskii et al., 2004] .
[7] In the stratosphere, the particle extinction is measured with a limited accuracy. In addition, most of the best equipped lidar stations only monitor the stratosphere at three wavelengths, typically at 355, 532 and 1064 nm. Because of these two limitations, the regularization technique is not necessarily the most suited approach for retrieving stratospheric particle size distributions from lidar data. A semiempirical approach to retrieve the particle size distribution from three commonly measured particle backscatter has recently been developed and validated [Jumelet et al., 2008] . This size distribution retrieval method was inspired by the works of Beyerle et al. [1994] , and Mehrtens et al. [1999] . It is based on comparing measured and simulated lidar backscatter coefficients. The retrieval algorithm minimizes a cost function of the misfit between lidar measurements and model simulations (look-up table) with the control variables being the parameters of the PSC size distribution. The errors on the measurements are explicitly taken into account in the search for a solution. A clusterbased filtering of the solution pool ensures both stability and reliable error estimation. The method and its validation will be briefly described in section 3.3. Differences with the works of Beyerle et al. [1994] and Mehrtens et al. [1999] are threefold: First, in our retrieval algorithm, the particle refractive index is not specified but calculated from the modeled equilibrium particle chemical composition. Second, we use a statistical filtering to account for the nonlinearities of the optical model (see section 3.3). Third, this methodology has been validated against both independent size distribution measurements [Jumelet et al., 2008] .
[8] Besides the capability to estimate the particle extinction, Raman lidar measurements allow for temperature retrieval at high vertical resolution (300 m or less) through the rotational Raman technique (hereafter referred as RRT). Temperature is important in the size distribution retrieval algorithm because the refractive index required in the optical module is derived from equilibrium composition calculations that are very sensitive to temperature. Temperature is also the key factor controlling PSC formation. The Arctic vortex is less stable and cold than the Antarctic vortex with temperatures tending to be marginally below PSC temperature thresholds. Temperature variations caused by small-scale processes such as orographically induced gravity waves are important because they can trigger PSC formation especially in the Arctic, despite large-scale temperatures being above PSC temperature thresholds [Meilinger et al., 1995; Dornbrack et al., 2002; Lowe et al., 2006; Eckermann et al., 2006] . Gravity waves are easily detected in time series of RRT temperature profiles and are often observed above the Arctic Lidar Observatory for Middle Atmosphere Research (ALOMAR), Andenes, Norway [Schöch, 2007] . Despite their local influence, mountain wave PSC may lead to significant ozone loss in the polar vortex [Carslaw et al., 1998; Fueglistaler et al., 2003; Kühl et al., 2004] .
[9] This paper is a case study of a PSC event observed above ALOMAR, on 6 December 2005. PSC size distributions are retrieved from lidar backscatter data and the results compared to classical approaches of PSC characterization. The lidar inversion is performed on relatively short time intervals in order to preserve as much as possible of the temporal variability in the analysis. As a result, the lidar errors are larger than typical errors associated to longer lidar integration times. The retrieved size parameters are correlated with RRT temperature, air mass trajectories and lidar measurements in order to check that the retrieved size distribution parameters are consistent with our knowledge of PSC. This consistency provides an additional validation of the size distribution retrieval algorithm.
[10] It is worth pointing out that lidar observations above a single station are rather limited in providing information on the microphysical evolution of a PSC cloud. Ideally, one would like to probe the moving air mass where the cloud forms along its trajectory. This may certainly be possible by coupling different lidar stations according to a Lagrangian approach, when the same air mass is probed above different lidar stations. The same approach, the so-called ''Match'' technique, has already been applied successfully to infer chemical ozone loss from analysis of balloon soundings pairs measuring ozone in the same air mass at different points of a trajectory [Rex et al., 1998 [Rex et al., , 1999 . This approach is being applied to the study of PSC microphysical evolution during a Lagrangian campaign, called ''MATCH PSC,'' within the framework of the International Polar Year project ORACLE-O 3 (see http://classic.ipy.org/development/ framework/index.htm).
Measurements

Lidar Inversion
[11] The PSC event was detected above ALOMAR where lidar measurements are performed routinely. The ALOMAR RMR lidar, located at 69°N/16°E near Andøya, emits laser pulses at 355, 532 and 1064 nm. The beam is produced by a 30-Hz repetition rate pulsed Nd-YAG twin laser. The backscattered light is received on 180-cm-diameter Cassegrain telescopes with a field-of-view of 180 mrad and detected with photomultiplier tubes in photo-counting mode [von Zahn et al., 2000] . The vibrational Raman measurements at 387 and 607 nm (associated to the 355 and 532 nm wavelengths respectively) and the rotational Raman measurements at 529 and 530 nm are also performed simultaneously. Our lidar inversion algorithm takes full advantage of the Raman detection. The backscatter coefficients at 355 and 532 nm are retrieved using the inelastic Raman N 2 -scattering detected at 387 and 607 nm respectively, which provide independent particle extinction profiles and an estimate of the lidar ratio [Ansmann et al., 1990] . There is thus no assumption on the value of the lidar ratio (extinction over scattering) in the inversion of the lidar equation, linking the received signal and the backscatter. The lidar inversion also requires the choice of a reference altitude at which the backscatter is purely molecular (no particles) and therefore can be used to normalize the signal. The reference altitude is taken above the top of the PSC layer that is typically in the 28-32 km range. The backscatter at 1064 nm is retrieved with the Klett method using the lidar ratio value derived at 532 nm because there is no Raman detection at 1064 nm. At this wavelength, where the atmospheric transmission effect is small, the critical parameter is not the lidar ratio but the reference altitude [Ansmann et al., 1990] .
[12] The ALOMAR RMR lidar is also able to detect the backscattered light at rotational Raman wavelengths (529 and 530 nm). The amplitudes of the two Stoke and antiStoke wings of the rotational Raman spectrum associated to nitrogen scattering are temperature-dependent and this relationship can be approximated with an analytical expression [Cooney and Pina, 1976; Nedeljkovic et al., 1993; Behrendt and Reichardt, 2000] . Once calibrated with a reference temperature data set, this expression allows retrieving the temperature (see section 2.3). Since the RRT temperature has the same spatial and temporal resolution as the lidar measurement, it is used for the determination of the Rayleigh contribution (molecular scattering) in the lidar inversion process.
[13] Overall, the combined use of rotational and vibrational Raman wavelengths results in lower errors in the determination of the backscatter via the input of more accurate values of temperatures and lidar ratios in the lidar inversion [Ansmann et al., 1990 [Ansmann et al., , 1992a [Ansmann et al., , 1992b . As shown later, the retrieval of the particle size distribution relies for an important part on the quality of the lidar inversion. The lower the errors on the backscatter, the more reliable the retrieved particle size distributions.
Backscatter Coefficients
[14] The particle backscatter coefficient b Par (hereafter referred as b) (m À1 sr À1 ) is expressed as
where l is the incident wavelength, n(r) is the number of particles at the radius r between r and r+dr (the size distribution), m the refractive index and ds b /dW the particle backscattering differential cross section. The b Par at 355 nm and 532 nm are calculated using the extinction calculated from the vibrational Raman wavelengths 387 nm and 607 nm, respectively, according to the lidar Raman equation as described by Ansmann et al. [1990] . An expression of the lidar backscatter ratio R can be derived from the ratio between the elastic and inelastic lidar signals,
where Pl(z) is the received lidar signal at wavelength l, l R the associated Raman wavelength, z o a reference altitude chosen so that b Ray (z o ) ) b Par (z o ), b Ray being the Rayleigh backscatter coefficient. The analytical expression of b Par involves the particle extinction at both l and l R . The fact that the extinction is low in the stratosphere is not a critical problem when determining b Par , since the extinction only acts on the return signal as the difference between vibrational Raman and Rayleigh signal extinctions.
[15] The particle backscatter coefficient at 1064 nm is calculated using the classic Klett method because no Raman scattering is available at this wavelength. The lidar ratio used in this inversion is the one determined at 532 nm, resulting in errors on the backscatter coefficient inferior to 5% [Althausen et al., 2000; Wallenhauer, 1998 ]. The retrieval algorithm also uses the color ratios CR 355nm and CR 1064nm , defined with respect to the most sensitive wavelength of the lidar, 532 nm [Baumgarten et al., 2007] ,
RRT Temperature
[16] Temperature and pressure profiles are required for the calculation of the Rayleigh scattering. Ideally, the temperature and backscatter measurements should be simultaneous. In our case, the rotational Raman channels at 529 nm and 530 nm are used to retrieve the temperature profile up to 30 km using the RRT temperature. It is based on the temperature dependency of the nitrogen and oxygen molecular rotational lines of the Raman spectrum [Cooney and Pina, 1976; Nedeljkovic et al., 1993; Behrendt and Reichardt, 2000] . This dependency can be approximated by the following relation, where A and B are to be determined through an alternative reference temperature data set,
where P 530nm and P 529nm are the signals detected at 530 and 529 nm respectively. Nedeljkovic et al. [1993] estimated the RRT systematic errors at about 1 K, depending on the lidar setup. Total uncertainties on the calculated temperature profiles are directly related to the lidar signal-to-noise ratio and hence, to the data integration time as well as to the calibration. In the case considered here, on 6 December 2005, a PTU (pressure, temperature, humidity) sonde was launched 1 h before starting the lidar session. The PTU temperature measurements are used as an independent calibration data set. We chose a lidar integration time of 30 min at 529 nm and 530 nm so as to be able to follow the temporal variability of the event. To perform a sensitivity test later on, another lidar data set is created with an integration time of 1 h. The PTU balloon drifted almost 100 km away from the lidar site at higher altitudes. This drift is taken into account by adjusting the PTU temperature with the temperature difference between the balloon and the lidar positions given by the European Centre for Meteorological Weather Forecasts (ECMWF) analyses. As the reference temperature used for calibration is very close to the PSC lidar measurements both in time and space, the calibration of the RRT should be reliable. The resulting total RRT temperature errors at the PSC altitude are estimated to be around ±2 -3 K for the 30-min-averaged data, dropping to ±1 -1.5 K for the 60-min-averaged data. It is important to stress that the RRT temperature profiles are used in the lidar inversion algorithm instead of noncoincident balloon measurements or climatological profiles.
Methodology for the Particle Size Distribution Retrieval
[17] The particle size distribution is retrieved from comparison between measured and simulated backscatter coefficients. The stratospheric particle size distribution is assumed to be lognormal and unimodal [Pinnick et al., 1976; World Meteorological Organization, 2006] ,
where N 0 is the total number of particles per unit volume and s the geometrical standard deviation (hereafter referred as standard deviation) around the median radius r m .
[18] In the first phase, the model calculates the chemical composition according to the specific environmental conditions (pressure, temperature, total HNO 3 , total H 2 O mixing ratios) [Carslaw et al., 1994; Luo et al., 1996 ] for a range of particle size distributions. The particle range extends from background sulphate aerosols parameters to ice PSC parameters [Jumelet et al., 2008] . In the second phase, a look-up table of b as a function of the size distribution parameters is generated. A Mie scattering module [Bohren and Huffman, 1983 ] is used to calculate the aerosol b at different wavelengths (within the visible and near-infrared domain), for each simulated size distribution and chemical composition. This assumes that particles are spherical and so most likely liquid. This hypothesis will be discussed in the last section. In the third phase, the simulated backscatters are compared to the measurements, taking into account the errors on the lidar b measurements. The direct model (optical module) is supposed to be perfect (no model errors). For example, the retrieval algorithm does not account for errors in the particle refractive index. A full description and validation of the size distribution estimation is presented by Jumelet et al. [2008] .
Equilibrium Composition and Refractive Index
[19] The model calculates the particle composition from a binary H 2 SO 4 /H 2 O solution to a ternary H 2 SO 4 /HNO 3 /H 2 O (STS) solution [Luo et al., 1996 , Krieger et al., 2000 . The aerosol phase is assumed to be in thermodynamical equilibrium with the gas phase. Therefore, in order to determine the particle equilibrium composition (weight fractions in sulphuric acid, nitric acid and water vapor), one needs to solve a set of two nonlinear equations describing the equality between the partial pressures of HNO 3 and H 2 O just over the surface of the condensed phase and the partial pressures in the gas phase. The model is initialized with a total (gaseous + condensed) amount of HNO 3 and H 2 O and it then redistributes HNO 3 and H 2 O between the gas and the condensed phases according to the calculated particle composition. The iterative procedure of the equilibrium composition calculation ensures that the gas phase and condensed HNO 3 and H 2 O are equal to the initial total HNO 3 and H 2 O. The model then derives the condensed aerosol mass concentration (or aerosol volume concentration). Finally, the refractive index is calculated from the equilibrium composition [Luo et al., 1996] .
Mie Calculations
[20] The particle backscatter coefficient b Par can then be simulated using Mie theory, the simulated size distribution and refractive index according to equation (1). The molecular or Rayleigh backscatter coefficient, b Ray , is calculated from the RRT temperature and pressure.
Determination of the Size Distribution Parameters
[21] The size distribution parameters are derived from comparison between simulated and measured backscatter coefficients. The model is used to calculate the three backscatter coefficients (b 355nm , b 532nm and b 1064nm ) and associated color ratios (CR 355nm and CR 1064nm ) as a function of size distribution parameters for the environmental conditions of each lidar observation. A look-up table is generated accordingly. We then select from the table all the simulated cases that fit the lidar measurements (b and CR) within the corresponding measurements error bars. Note that the lidar ratios could also have been used as additional control variables in the size distribution algorithm [Del Guasta et al., 1994] .
[22] Taking lidar backscatter uncertainties into account, the search for possible matches leads to formation of a three-dimensional solution cluster of points (N o , r m , s). Preliminary analysis of the solution cloud shows that the best match cannot always be considered as solution because, in some rare cases, the best match solution corresponds to an unrealistic outlier. We are instead looking for a probable solution given the lidar uncertainties. The most probable solutions are expected to be in the densest part of the solution cluster, within ±1s from the median values, with s being the standard deviation of the cluster. Therefore, solutions outside the ±1s boundaries are discarded. This cluster-based filtering guarantees that unrealistic solutions are not accounted for in our analysis. The standard deviation s of the cluster is taken as a first-order estimate of the errors on the size distribution parameters. Then, the best match approach is used to find the solution which is selected among the filtered (N o , r m , s) cluster through least squares minimization of a cost function of the misfit between observations and model simulations. The control variables are the parameters of the PSC size distribution.
[23] In presence of volcanic aerosols or PSC, the size distribution of stratospheric particles is often bimodal [Deshler et al., 2003b] . Nonetheless, sensitivity tests have shown that our algorithm accurately retrieved the optically dominant mode (i.e., the mode corresponding to the highest lidar received signal). At the three commonly used wavelengths, the lidar appears to be sensitive to the higher-order moments of the size distribution [World Meteorological Organization, 2006] . Since small particles usually contribute little to the higher-order moments of the size distribution, they are difficult to characterize when their number density N o is low. However, when their concentration is high enough to be detected with the lidar, some accurate characterization can be performed. For instance, the ALOMAR RMR lidar has been used to characterize noctilucent cloud particles sizing around 50 nm from multicolor lidar backscatter measurements, with N o being around 120 cm À3 [Baumgarten et al., 2007] .
[24] The size distribution retrieval methodology has been described in details and validated against independent balloon-borne size-resolved PSC measurements by Jumelet et al. [2008] . Here we are only presenting the salient and relevant features of the validation. Sensitivity tests were carried out to assess the impact of the assumption regarding unimodality. In the nondepolarizing region of the cloud probed by the balloon-borne OPC instrument, both the unimodal and dominant mode of the bimodal size distribution were retrieved in a satisfactory manner when compared to the reference size-resolved measurements [Deshler et al., 2000; Jumelet et al., 2008] . The total number density (N o ) carries most of the uncertainties with errors reaching almost 50%. The median radius and standard deviation were both retrieved within 5% error of the reference values. The total retrieval errors (derived from the cluster spreads) for the median radius and standard deviation were estimated to be lower than 10%. The retrieved particle surface area density and volume (A) and (V) of unimodal distributions were found within 60% and 40% respectively of the reference balloon-borne values. The estimated retrieval errors on A and V derived directly from the estimated errors on N o , r m and s are found to be around 30%.
[25] Deshler et al.
[2000] also performed a determination of the refractive index through comparisons between aerosol scattering and balloon-borne size-resolved concentration measurements. This was used to check our refractive index calculation of refractive index. The composition model gives a refractive index of 1.45 at 355 nm and down to 1.43 at 1064 nm whereas Deshler et al. [2000] derived an average value of 1.47 over a similar wavelength interval. When using this refractive index instead of the one calculated with by the model, the quality of the retrieval regarding particle surface and volume concentrations is substantially improved compared to the reference balloonborne reference measurements. This sensitivity test has a validation purpose and shows full consistency between the two analyses. It also highlights the strong sensitivity of the backscatter coefficient to the refractive index in our retrieval procedure. It is clear that the small bias in the refractive index results in additional errors that are not taken into account in our procedure because the composition model is assumed to be perfect. This should be kept in mind when analyzing the results.
[26] For the PSC event considered in the present paper, the ranges of parameters covered in the look-up table of simulated optical quantities are: 0.01 mm < r m < 5 mm, 1.01 < s < 3, and 10 À4 < N o < 10 cm
À3
. The temperatures are taken from the RRT retrieval (60-min-averaged lidar data). Nitric acid and water vapor are initialized with zonally averaged MLS data. At the PSC altitude, MLS data indicate on the first days of December a mixing ratio of nitric acid and water vapor of around 15 ppbv and 5 ppmv, respectively, over northern Scandinavia. It is important to initialize the model with values of nitric acid and water vapor as accurate as possible. Indeed, a sensitivity test is performed by retrieving the PSC size distribution over the same 2-h lidar period (1600 -1800 UTC) with the MLS initialization and with the commonly used initialization of 10 ppbv HNO 3 and 5 ppmv H 2 O mixing ratios. Differences of 20% on N o , 6% on r m and 2% on s were found. Nonetheless, error bars on the retrieved parameters are still overlapping.
[27] In refractive index calculations, PSC are assumed to be optically nonabsorbing. Lidar errors are estimated to be between 10% and 20%, depending on the integration time and on the wavelength considered, the 1064 nm channel carrying the largest uncertainties owing to the Klett inversion and the errors resulting from the use of the lidar ratio at 532 nm for the lidar inversion at 1064 nm.
Results and Discussion
PSC Event 4.1.1. Optical Properties Derived by Lidar
[28] An overall view of the PSC event is featured in Figure 1 , showing the time series of the backscatter ratio profiles at 355, 532 and 1064 nm. The labels on the x axis refer to the 10 lidar-integration time intervals. The PSC was detected between around 1500 and 2000 UTC in the 22-to 27-km altitude range. The layered structure and high temporal variability clearly appear. The PSC roughly extends from 22 to 26 km in two main layers centered around 24 and 25.5 km. The lower layer can be split into two sublayers. The size distributions are retrieved in two different ways. The retrieval is performed first at the altitude of the backscatter peak in each time interval, meaning that the retrieval altitude varies between around 23 and 24 km (see Figure 1 ). The size distribution is also retrieved at three fixed altitudes (23.25 km, 23.85 km and 25.35 km), chosen to fit the three layers appearing in the lidar backscatter time series of Figure 1 . Highly enhanced backscatter ratios are observed from 1600 to 1900 UTC. We decompose this event into three parts: prior to 1600, 1600 -1900, and after 1900 UTC. In order to follow the particle backscatter with an acceptable signal-to-noise ratio, while maintaining a sufficient time resolution in the analysis, the lidar data time series are decomposed into 10 intervals of 20 to 40 min. The backscatter inversion and the size distribution retrieval are carried out with lidar data averaged over these intervals. These results are used to decompose and study the PSC event. For validating the retrieval at these short integration time intervals, lidar data are also integrated over a 2-h time interval during the strong PSC period, between 1600 and 1800 UTC. This averaged data set does not provide information on the PSC temporal variability, but the associated particle size distribution can be compared against the results obtained with the short time intervals. The purpose is to check that the relatively short integration time does not affect adversely the quality and stability of the size distribution retrievals.
[29] Figure 2 shows the vertical profiles of the color ratios CR 355nm and CR 1064nm for a lidar integration time of 2 h (1600-1800 UTC time interval). Values of both color ratios appear to be unusual as compared to typical values for liquid PSC measurements. At the retrieval altitude (around 23.5 km), CR 355nm and CR 1064nm are around 1.2 and 0.9, respectively. In contrast, for typical nondepolarizing (i.e., liquid) PSC, CR 355nm and CR 1064nm are found around 2 and 0.3, respectively [Deshler et al., 2000; Blum et al., 2006] . In these two studies, r m was found to be around 0.3 mm which is more typical of LTA PSC. In our case, the small CR 355nm and large CR 1064nm suggest the presence of large particles, probably NAT particles. In the third part of the PSC event, after 1900 UTC, CR 355nm increases to values around 2 -2.5 whereas CR 1064nm decreases slightly. Therefore, very different particle size distributions are expected to be retrieved within the measurement period considered. The time intervals are variable because they are chosen to match the PSC structure, as defined by the backscatter ratios. The retrieval altitudes matching the three main layers are marked with dotted lines. Note that the 1845À1905 UTC interval is missing because the signal-to-noise ratio was not sufficiently good for the lidar data to be properly inversed.
Temperature Derived by Lidar
[30] A PTU sonde was launched at 1540 UTC at the Andøya Rocket Range and reached the altitude of the cloud at about 1630 UTC. This temperature measurement is used in the calibration of the RRT following the approach described in section 2.3. The 30-min and 60-min timeresolved RRT temperatures are shown in Figures 3a and 3b , respectively. The 60-min temperatures are consistent with temperatures provided by ECMWF, with an average temperature of 190 K throughout the PSC altitude range. The 30-min time series obviously carry larger errors owing to the shorter lidar integration time. The difference between the 30-min RRT temperatures and PTU temperatures is plotted versus altitude in Figure 3c . The difference is found to be around +2 K at the three previously identified PSC layers.
[31] Figure 3a reveals strong gravity wave activity. The 60-min time series also indicate wave patterns but it is less noticeable (see Figure 3b) . A simple visual inspection of the plots indicates that the wave time period is about 1 h with an associated vertical period of about 2 km. The 30-min time resolved RRT temperature displays a wave amplitude of around 10 K. It is worth noting that strong backscatter is found to be correlated with local temperature minima, indicating that the structures in the RRT temperature time series are certainly real features and not retrieval artifacts (see Figures 1 and 3) . Meilinger et al. [1995] stated that rapid temperature fluctuations may lead to droplets whose stoichiometry is close to that of NAT particles and freezing experiments showed that it is a pathway for NAT PSC formation. If gravity wave activity were present a few hours prior to the measurements, the presence of solid particles could be expected. Synoptic temperatures from ECMWF were below T NAT and around T LTA in the last 24 h (see section 4.1.3).
[32] Figure 4 shows the time series of the RRT temperature (derived over the 10 lidar integration time intervals) at the altitude of the backscatter peak for each time interval (between 23 and 24 km) along with the temperature thresholds of LTA, NAT and ice particles. T LTA is identified as the temperature at which the HNO 3 weight fraction exceeds 10% in the condensed phase . In each time interval, T LTA is calculated at every backscatter peak altitude assuming 15 ppbv HNO 3 and 5 ppmv H 2 O as stated in section 3.3. As temperature remains the key factor controlling PSC microphysics, this PSC peak altitude is expected to match the coldest temperature. T NAT and T ICE are calculated from work by Hanson and Mauersberger [1988] . Very significant fluctuations in temperature are apparent on Figure 4 . The temperature drops below T LTA around 1630 and after 1900 UTC. Taking into account the uncertainties on the RRT measurements, T could also be below T LTA around 1500 UTC. One can also notice the correlation between the cooling around 16:30 and the highest backscatter ratios (see Figure 1 and Figure 8 in section 4.2.1). The overall evolution of the temperature with respect to PSC threshold temperatures indicates the presence of different particle types between 1500 and 2000 UTC. However, the errors on the temperature are still too large to conclude unambiguously on the existence domain of the different PSC particle types. Finally, even if the temperature was known accurately, it can only prove PSC existence when PSC are in thermodynamical equilibrium with the gas phase. The RRT temperatures have revealed the presence of gravity waves that may prevent particles from reaching equilibrium because of rapid temperature fluctuations. In addition, energy barriers may prevent the formation of the stable phase thermodynamically, for instance, NAT.
Thermodynamical Context and PSC Classification
[33] It is possible that the multilayered structure of the cloud and its temporal variability originate from temperature fluctuations [e.g., Deshler et al., 2003b] or from the sampling of completely distinct air masses that have different temperature histories and chemical compositions. The latter situation could occur when, for example, mixed air masses are sampled on the edge of the vortex. We use a high-resolution PV (potential vorticity) advection model forced by ECMWF analyses (resolution 0.5°) to identify the position and extent of the polar vortex at the PSC altitudes. On 6 December, the polar vortex is centered between 80°and 90°N at the 500 K and 550 K surfaces with a large lobe spreading over Norway. The PSC layers appear to form on the edge of the vortex and little air mixing is observed during the 5 days prior to the lidar measurements (starting time of the back trajectories).
[34] The thermal history (and associated cooling rate C) remains a critical factor in PSC formation. We compute backtrajectory clusters using a Lagrangian advection-dispersion model [Stohl et al., 1998] . A large number of air mass parcels are released above ALOMAR at the PSC altitudes between 23 and 26 km, and they are advected-dispersed backward in time from 1 December using ECMWF analyses. Back trajectories are presented in Figure 5 . The dispersion of the back trajectories is limited because air mass parcels are released on the edge of a stable vortex within a well stratified flow. The PV value along each trajectory (not shown) generally shows little variations indicating that the transport remains essentially isentropic.
[35] Temperature history of the air cluster sampled by the lidar is plotted against time elapsed since lidar detection in Figure 6 . The ECMWF meteorological analyses are used in this calculation. T LTA and T NAT are also plotted for the last 30 h. Please recall that the RRT temperatures have to be treated with caution because of the uncertainties in the ECMWF analyses and the absence of small-scale temperature fluctuations. The synoptic temperatures decrease by about 12 K during the last 2 days before sampling. They remain below T NAT during the last 35 h prior to PSC detection. The cloud is likely to have been formed during 5 December. The RRT temperature vertical profiles suggest that small-scale temperature fluctuations of large amplitudes were superimposed onto the slow variations of the synoptic temperatures. The low backscatter ratios and the synoptic ECMWF temperatures well above the ice frost point (even when accounting for temperature variations caused by propagating gravity waves) make the presence of ice PSC very unlikely. Therefore, the PSC event is certainly composed of LTA and NAT, either in different layers, or in a mixed composition.
[36] During the last 24 h, T is within 1 K of T LTA and the presence of LTA PSC is possible by the time of the measurement session, even if other indices (color ratios and cooling rate discussed below) favor presence of NAT particles. Overall, the synoptic temperatures and their temporal evolution within the sampled air masses (see Figure 6 ) unambiguously confirm that thermodynamical conditions were met for the formation of significant nitric acid PSC.
[37] PSC can be distinguished on the basis of backscatter, color ratios, and cooling rate (C) values. Fierli and Hauchecorne [2001] concluded from 2 years of PSC observations at ALOMAR that NAT PSC are also often formed from air masses cooling below T NAT during the last 24 h before PSC detection. In our case, the cooling rate, C, averaged over all the back trajectories is found to be around 6 K/d in the last 24 h. One has to recall that the small-scale wave structures seen in the RRT temperature are not reproduced in the meteorological analyses that we use to force the Lagrangian model. Large fluctuations in C around this 6 K per day average value are expected during the PSC period. Past classifications indicate that, for C less than 5 K a day, the formation of NAT particles tends to be favored [Beyerle et al., 1994] . The cooling rate provides just an indication about the potential for PSC formation, the temperature needs to drop and stay within a specific range (see Figure 6 ). It is likely that the length of time an air parcel spends below T NAT is important for NAT formation because of the energy barrier to NAT nucleation. There are also classifications of LTA/NAT based on the 532 nm backscatter and color ratios [Mehrtens et al., 1999] . According to them, and considering the 1600 -1800 UTC time intervals associated to the highest backscatter ratios, NAT presence is favored in our case (R 532nm % 2 and CR 1064nm % 0.8).
[38] A second lidar located at ALOMAR measured the 532 nm cross-polarized signal during the RMR lidar session. Preliminary data analysis indicates some depolarization during the 1600 -1800 UTC period suggesting the presence of solid particles. A maximum depolarization ratio of 5% was estimated at 1700 UTC. The depolarization ratio is negligible before 1600 and after 1900 UTC. Note that this depolarization measurement is not entirely reliable owing to a possible cross talk (i.e., incomplete separation of the parallel and perpendicular channels during data acquisition) in the lidar instrument (M. Frioud, personal communication, 2005) . Since cross talk reduces the depolarization ratio, this strengthens the hypothesis of NAT presence. On the basis of the backscatter ratio versus depolarization classification [David et al., 2005] , our 1600-1800 UTC lidar data lie between the two former type I PSC classes (NAT and/or LTA). It is worth keeping in mind that determining the physical phase of a PSC is not trivial using only backscatter ratio and depolarization measurements. Solid particles in low number densities cannot always be clearly detected on the perpendicular backscatter signal [Biele et al., 2001] .
[39] From the information gathered, we are not able to determine with confidence the exact PSC type (NAT and/or LTA). Despite borderline values, most classifications tend to favor the presence of solid particles for our cloud, but the low depolarization suggests predominance of liquid particles. The RRT temperature is not accurate enough to discriminate unambiguously between LTA/NAT for the most part of the PSC event, even if LTA PSC are certainly dominant before 1600 and after 1900 UTC. An analysis at high resolution is needed to identify the structure of this PSC event. We will apply our size distribution retrieval to the time-resolved data set even if particles may not necessarily be spherical during some of the time intervals.
Size Distribution Parameters
[40] The size distribution retrieval algorithm described in section 3 is applied to 10 time intervals. To support the discussion on the PSC structure and presence of different particle types (LTA/NAT), the size distribution is first retrieved at the backscatter peak altitude of each time interval. This backscatter peak altitude has the optimum signal-to-noise ratio and therefore carries the lowest uncertainties. In a second time, the results will be presented at three fixed altitudes: 23.25, 23.85 and 25.35 km. These altitudes fit the PSC backscatter behavior appearing in Figure 1 . The associated results help in characterizing the vertical structure of the PSC cloud. Note that, even if the size distributions are retrieved at fixed altitudes, the sequence of results cannot been viewed as a description of the temporal evolution of a single PSC within an air mass (i.e., a so-called Lagrangian study). Because of the air motion (see Figure 5 ), the lidar does not probe the same air mass during the measurement session. Therefore, when analyzing the results, one has to keep in mind that the time series presented thereafter refer to different air masses and hence, the present analysis is not a Lagrangian study.
PSC Classification From Size Distribution Parameters
[41] Figure 7a shows the time series of the retrieved size distribution parameters, N o , r m and s, at the backscatter peak of each time interval. The time series are consistent with those of the lidar backscatter (see Figure 1) in that here again, we can decompose the event into three parts: before 1600, 1600 -1900, and after 1900 UTC. Backscatter ratios at 355, 532 and 1064 nm along with RRT temperature have been gathered in Figure 7b , r m % 0.15 mm, s % 1.2). These values are close to typical LTA values [Deshler et al., 2000; Blum et al., 2006] . The ranges of backscatter coefficient and color ratio values are also rather indicative of LTA. Overall, there is little doubt about the nature of PSC before 1600 and after 1900 UTC, this being confirmed by a negligible depolarization ratio during these two periods. For the strong backscatter period, between 1600 and 1800 UTC, the retrieved size distribution parameters and associated errors in percentage are: N o = 0.04 cm À3 (30%), r m = 1.50 mm (15%) and s = 1.37 (10%). As expected from the color ratios, we retrieve very large particle radii that are sometimes observed in the stratosphere for liquid particles but tend to be more typical of solid NAT particles. Deshler et al. [2000 Deshler et al. [ , 2003b reported balloon-borne OPC measurements of bimodal Arctic PSC. For instance, in the nondepolarizing regions, lognormal parameters of the large particle mode were found to be equal to: N o = 5.10 À3 cm
À3
, r m = 1.74 mm and s = 1.33 over ALOMAR [Deshler et al., 2000] . This mode was the secondary and nondominant mode because of very low particle concentration (0.005 cm
). Lidar measurements were also performed at ALOMAR simultaneously to the OPC measurements. When applied to this lidar data set, our size distribution algorithm retrieved successfully the small particle mode (r m = 0.40 mm) which is optically dominant. This mode was associated to a total particle volume of 1.92 mm 3 cm À3 whereas the particle volume of the large mode was only 0.16 mm 3 cm À3 .
[42] The total surface area density (A) and volume (V) associated to parameters of Figure 7a can be calculated as follows: 
[43] A and V are plotted in Figure 7c . As expected, the total volume peaks within the 1600 -1900 UTC period. This is consistent with the lowest temperatures and the largest backscatter ratios observed during this period. It is also worth noting that the effect of the slight warming around 1700 UTC (better seen on the 30-min RRT temperature in Figure 3a ) is noticeable in Figure 7b as well as in Figure 7c through a local decrease in the total particle volume. The rather odd feature is the variation of the aerosol surface area A during the entire measurement period. A 1600 -1900 (during the 1600-1900 UTC period) is of the same order as before 1600 and after 1900 UTC whereas V 1600 -1900 is an order of magnitude larger than V before 1600 and after 1900 UTC. How is it possible for the surface area to remain more or less unchanged when the condensed volume increases by an order of magnitude? From microphysical considerations, one would expect A and V to be correlated. When HNO 3 and H 2 O condense/evaporate onto/from particles, particles grow/shrink. As a result, A and V are expected to increase/ decrease together and hence are expected to follow the same behavior. The local H 2 O and HNO 3 content, and the size distributions of the preexisting sulfuric acid aerosol particles on which the PSC were formed should be similar for all the PSC observed during the entire measurement period. The breakdown in the expected correlation between A and V mainly originates from the change in N o by about 2 orders of magnitude (see Figure 7a) . One of the key assumptions in our retrieval algorithm is the unimodality of the particle size distribution. In reality, PSC distributions can be bimodal. The second mode often has a very low particle number density, for instance, when NAT PSC are present (typically from 10 À3 to 10 À1 cm À3 [Fahey et al., 2001; Tsias et al., 1999] ) compared to the preexisting sulfuric acid aerosol particles (typically around 10 cm À3 ). Two modes could coexist in the PSC cloud observed between 1600 and 1900 UTC. If the large particle mode dominates the lidar optical signal, the retrieved size distribution parameters are likely to correspond to this mode. Consequently, the surface area derived for this time interval would mostly account for the large particle mode. The total surface area would likely be underestimated because the surface area of the small particle mode would largely be missing. This point requires some quantitative sensitivity model analysis.
[44] A model test is performed to see what parameters are retrieved in those conditions. We assume that the small particle mode is similar to the mode retrieved before 1600 and after 1900 UTC (N o = 5 cm À3 , r m = 0.16 mm and s = 1.25) and that the large particle mode is similar to the mode retrieved between 1600 and 1900 UTC (N o = 0.04 cm À3 , r m = 1.50 mm and s = 1.35). We use the direct model to calculate the optical quantities corresponding to this bimodal distribution. Finally, these modeled lidar values are injected into the size distribution retrieval algorithm assuming lidar errors ranging from 10 to 25%. The results are presented in Figure 8 . The retrieved parameters (N o = 0.02 cm
, r m = 1.43 mm and s = 1.50) correspond to an unimodal ''optically equivalent'' size distribution. The retrieved values are very close to the parameters of the large particle mode. The backscatter signal produced by the large particle mode is 4 and 5 times larger than the signal produced by the small particle mode at 532 and 1064 nm, respectively. Despite a similar surface area for both modes (around 1.5 mm 2 cm À3 ), the small particle mode is largely hidden by the large particle mode that contains most of the aerosol volume (V 2 = 0.85 mm 3 cm À3 compared to V 1 = 0.11 mm 3 cm À3 in Figure 8 ). This result confirms that our size distribution retrieval (Figure 9 ) at fixed altitudes display the PSC layers previously described. The two modes and their size distribution parameters can also be identified in Figure 9 . Although the different modes are not found in exactly the same time intervals at the three altitudes, the size distribution parameters for the two modes are very similar at the three different altitudes: s oscillates around 1.5 for both modes, and N o is around 10 cm À3 for the small particle mode and between around 0.02 and 0.08 cm À3 for the large particle mode. The previous conclusions drawn out of the size distribution time series at the varying altitude of the backscatter peak (see Figure 7 ) are thus still valid for the results obtained at fixed altitudes. The same overall structure is observed: a mode of LTA particles dominates the lidar signal at the beginning and end of the event, while a mode of larger particles, where NAT particles are highly probable, appears between around 1600 and 1900 UTC. Please note that while the three parts can still be identified during the PSC event, the time boundaries defining them now vary with altitude. For example, the NAT PSC period occurs slightly later at lower altitudes. At the highest altitude, the NAT period is shorter than in the middle part of the cloud (see Figure 9a) . It is also interesting to note that the transition between the two PSC types is much sharper at the bottom and top altitudes (Figures 9a and 9c) , whereas it appears smoother at the middle altitude.
[47] The higher PSC layer seems to be correlated with the RRT Temperature minima from Figure 3 ; The temperature is minimum around 1630 UTC, approaching T ICE . The retrieved size distribution parameters do not correspond at all to ice particles. This is supported by the lack of very substantial depolarization. Owing to relatively low backscatter ratios and high temperatures, it remains highly improbable that ice particles are present.
[48] The retrieved size distributions are consistent with the lidar data displayed in Figure 1 . The particle volume at each altitude (Figures 9d, 9e and 9f) peaks in the time interval when the backscatter ratio is the strongest and the temperature is at its minimum. This is expected but still represents an indirect validation of our retrieval algorithm. The breakdown of the correlation between A and V, already noticed in Figure 7c , is still visible in plots of Figure 9 with the peaks being however slightly time shifted. This breakdown is more pronounced at 25.35 km (see Figure 9d) . The values of A and V for the large mode (average 0.6 mm 2 cm
and 0.4 mm 3 cm
, respectively) are both smaller than their values at the lower altitudes (average 1.5 mm 2 cm À3 and 1.0 mm
3
.cm À3 , respectively). It is consistent with the smaller backscatter ratios at higher altitudes, reflecting smaller particle surfaces and volumes. Note that the uncertainties on RRT temperatures prevent us from carrying out an analysis of the relationship between the local temperature and the PSC type at smaller scales.
Summary and Concluding Remarks
[49] The work presented here is a case study of the PSC event observed above the Arctic Lidar Observatory for Middle Atmosphere Research (ALOMAR), (69°N), Norway, on 6 December 2005. Multiwavelength (355, 532 and 1064 nm) lidar measurements were performed with the ALOMAR RMR lidar. PSC were detected from around 1500 to 2000 UTC, with a main layer centered around 24 km. Vibrational and rotational Raman measurements were also performed and the wavelength pairs 355/387 nm and 532/607 nm were used to derive the lidar backscatter coefficients. The lidar signal at 529 and 530 nm allowed for simultaneous temperature retrieval within the cloud using the RRT temperatures. These temperature profiles were used in the lidar inversion algorithm. Combining vibrational and rotational Raman detection increases the accuracy of the temperature and backscatter coefficient retrievals.
[50] The ECMWF temperature history as well as the retrieved RRT temperature profiles clearly indicate very favorable conditions for PSC formation. Strong gravity wave Figure 8 . The two modes (n 1 and n 2 ) of the particle size distribution retrieved during the lidar session. The n 3 size distribution is retrieved using a bimodal look-up table including the small mode n 1 . The dominant mode featuring larger particle volume is retrieved. The wavelengths used in the retrieval procedure are 355, 532, and 1064 nm. activity is also very noticeable on the high-resolution RRT temperature time series. The lidar time series is decomposed into 10 time intervals from 1500 to 2000 UTC. The PSC size distributions are retrieved at the altitude of the backscatter peak and at three different fixed altitudes corresponding to the vertical structure of the PSC layers (23.25, 23.85 and 25.35 km) , using a method combining measured and model-calculated multiwavelength backscatter coefficients and associated color ratios. The particles are assumed to be spherical and its size population is assumed to follow a unimodal lognormal size distribution. Lidar error measurements are taken into account in the retrieval process and the retrieved size distribution is selected through combination of statistical filtering and best match approaches.
[51] From the size distribution parameter and lidar backscatter time series, the event appears to be composed of three parts. For the time series of the backscatter peak altitude, the three parts are before 1600, 1600 -1900, and after 1900 UTC. In each side of the 1600 -1900 UTC time interval, the retrieved size distributions are similar with retrieved parameters indicative of LTA. It is further supported by a negligible measured level of depolarization. During the 1600 -1900 UTC time period, much larger particles are retrieved with median radii of around 1.5 mm. The associated particle number density is low at around 0.04 cm
À3
. The temporal evolution of the particle number density suggests that the size distribution for the 1600 -1900 UTC time period is bimodal. Model tests show that the algorithm successfully retrieves the size distribution of the optically dominant mode that is, in our case, the large particle mode. According to most classifications based on correlation plots of backscatter ratios and cooling rate, it is likely that the large particle mode is composed of solid NAT particles. It is also supported by depolarization ratio measurements peaking at 5% around 17:00. There are caveats to the interpretation of the results during the 1600 -1900 UTC period. Since the model uses Mie theory, the size distribution parameters are likely to be biased owing to the presence of solid particles. Therefore, our retrieved parameters should be viewed as rough estimates for this type of PSC. In general, spherical scatterers have a backscatter reduced by some ten percents with respect to the volume equivalent spheres [Reichardt et al., 2002] . It certainly requires more detailed optical calculations in order to estimate the impact of the spherical particle assumption on the size distribution retrieval. The condition regarding particle sphericity will be relaxed in the near future through implementation of T-Matrix calculations accounting for the aspherical particle aspect ratios in the model.
[52] Gravity wave activity may also cause the modeling of the particle composition assuming thermodynamical equilibrium with the gas phase to be erroneous. Nonetheless, even at short lidar integration times, the time series of the size distribution parameters derived from the lidar data appears to be reliable and somewhat consistent with the results obtained using other types of PSC characterization. [53] Finally, it is worth highlighting that this approach could be applied to study the variability of stratospheric aerosols from long-term data sets (i.e., the multiwavelength lidars of the NDACC network). We also plan in the near future to use this approach for the validation of size-resolving PSC schemes used in large-scale chemistry-transport models.
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